The proteasome system is a proteolytic pathway that regulates the expression of genes involved in inflammation. Polymorphisms in the gene encoding subunit a type 6 (PSMA6) -in particular the rs1048990 exon 1-8C/G SNP -have been implicated with susceptibility to myocardial infarction (MI) in a Japanese study. We examined whether several polymorphisms in the PSMA6 gene were related to MI risk in 6946 nonfatal MI cases and 2720 unrelated controls in a UK population. The homozygous GG genotype for rs1048990 was much less frequent in this UK population than in the Japanese population (2.1 vs 8.9%), and was associated with an odds ratio (OR) for MI of 1.09 (95% confidence interval (CI): 0.98 -1.21) per G allele in a co-dominant genetic model and 1.32 (95% CI: 0.90-1.93) in a recessive genetic model. Although not statistically significant, these results for this variant are still consistent with the Japanese hypothesisgenerating study. Our findings, when taken together with four other studies (including the hypothesisgenerating one), yielded a combined OR for MI of 1.15 (95% CI: 1.08 -1.21) per G allele in a co-dominant model and 1.38 (95% CI: 1.22 -1.57) for the GG genotype in a recessive model. Larger studies involving more than 10 000 disease cases would be required to further elucidate the role of this variant for susceptibility to MI. However, given the rarity of this variant in Caucasians, the attributable risk of rs1048990 for MI is unlikely to be great in western populations.
Introduction
The ubiquitin -proteasome pathway plays an important role in the initiation and progression of atherosclerosis by controlling the activation of nuclear factor kappa B (NFkB) proteins, which control expression of genes encoding cytokines involved in inflammation. 1, 2 Inflammation has been implicated in the initiation, progression, and complication stages of atherosclerosis. Drugs that inhibit the ubiquitin -proteasome pathway through their effect on NFkB have been shown to reduce the occurrence of stroke and atherosclerosis in animal models. 3, 4 Recently, a Japanese case -control study reported that susceptibility to myocardial infarction (MI) was associated with the exon 1 -8C/G SNP at rs1048990 in the proteasome subunit a type 6 (PSMA6) gene, which enhances transcription of PSMA6 on chromosome 14q13-q13.2. 5 The association of MI with rs1048990, and with a further SNP (intron 1 1233A/T) in near-perfect linkage disequilibrium (LD) with it, was originally found in a sample of 2592 MI cases and 2851 controls, and then replicated in a further 867 MI cases and 1104 controls. The rs1048990 SNP appeared to be functional because of its effects on the NFkB protein concentration in this population. 5 If genetic markers associated with the control of pro-inflammatory cytokines are implicated in susceptibility to MI risk, this could provide additional targets for the prevention of atherosclerosis. Consequently, we examined the association of six SNPs in the PSMA6 gene with biochemical markers of inflammation and with risk of MI in the large ISIS casecontrol study (6946 MI cases and 2720 controls) conducted in a UK population.
Materials and methods

DNA samples
The design of the ISIS case -control study has been described in detail in previous publications. 6,7 DNA was extracted from frozen buffy coat samples using a Taqman and amplifluor technique, as described previously. 7, 8 Cases genotyped for this study were men and women aged 30 -64 years, with nonfatal MI confirmed by cardiac enzyme or electrocardiographic criteria (or both). Controls genotyped in the present study were spouses of the siblings or children of cases (ie, unrelated to the MI cases except by marriage) aged 30 -64 years, and with no history of MI, angina or other definite heart disease. Ethnicity was not recorded, but based on previous studies conducted by our research group in a similar setting, more than 95% would be expected to be Caucasian. 9 Participants provided consent to participate in the study, which had research ethics committee approval.
SNP analysis
Six SNPs for PSMA6 were selected for analysis in the ISIS study. The rs1048990 and PSMA6_1233 (intron 1 1233 A/T) SNPs were, respectively, the SNP originally associated with MI and a SNP in perfect LD with it in the Japanese study. The PSMA6_7693 (intron 1 7693 G/A) SNP had been excluded from further analysis in the Japanese study, because it had a minor allele frequency (MAF) o5%, but it is more frequent in European populations (MAF ¼ 18%) (http://www.hapmap.org/Data Release #21a). The three other SNPs (rs17458312, rs2277459, and rs2277461) studied had not been included in the Japanese study. Genotyping using mass-spectrometry was carried out at the Centre Nationale de Genotypage in Paris without the knowledge of disease status, with samples from cases and controls distributed within each 384-well genotyping plate. Quality control procedures included assessment of consistency of genotyping between plates through internal controls and replication of measurements in a random sample of 250 controls, to assess the reproducibility of genotyping.
Intermediate phenotypes
Plasma levels of high-sensitivity C-reactive protein (CRP), fibrinogen, albumin, apolipoprotein A 1 and apolipoprotein B were measured using standard methods. 8 Previous studies had indicated small changes in plasma levels of such analytes due to delay in plasma separation, 10 so levels were adjusted for time from collection to separation, as well as for date of assay, to compensate for extrinsic sources of variation. 14, 15 The associations of haplotypes that had an estimated frequency 41% with biochemical markers and with MI risk were analysed separately (while the remaining haplotypes with estimated frequencies o1% were ignored). Standard one-way ANOVA and haplotype-based one-way ANOVA were used to assess the associations of SNPs and haplotypes with plasma levels of biochemical markers in controls. Standard logistic regression adjusted for age and sex, and haplotype-based logistic regression, were used to estimate odds ratios (ORs) for MI for each SNP and haplotype, respectively. Floated absolute risks and confidence intervals (CIs) were used to share the variance of the log ORs appropriately between the different genotypes, which allows a CI to be computed for the reference category and any group to be compared directly with any other. 16, 17 Power calculations to detect the association of MI risk with the rs1048990 SNP for the PSMA6 gene in the ISIS case -control study were estimated using standard methods. 18, 19 The results of the ISIS study of MI risk were combined with other similar studies using standard metaanalytic methods. We computed the population attributable risk 20, 21 to compare the impact of these gene variants in a Western European population with that in a Japanese population using the combined OR from all studies included in the meta-analysis. All analyses were carried out using SAS version 8.2 22 and R version 2.4.0.
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Results
Data for all six SNPs were available in 6946 cases and 2720 controls who had sufficient DNA for analysis. Table 1 shows the characteristics of these cases and controls. The mean age was 55.1 years in cases and 46.3 years in controls, and a much higher proportion of cases were men. After adjustment for age and sex differences, cases had a higher mean body mass index and higher prevalence of current smokers, hypertension and diabetes mellitus compared with controls.
PSMA6 SNPs and haplotypes
The reproducibility of the genotyping was high, with a weighted kappa score of 0.96 -1.00 for each SNP in the PSMA6 gene, except for the rs2277459 SNP which was 0.75 (Supplementary Table A1 ). The rs2277459 and rs2277461 SNPs were not in HWE amongst controls (Supplementary  Table A2 ), perhaps due to the very low frequencies of their minor alleles in Caucasians (both in ISIS and HapMap; http://www.hapmap.org/Data Release #21a). We investigated a 9-kb region of PSMA6 in our study that was bounded by PSMA6_1233 (intron 1 1233A/T) and rs2277461. Associations with CRP, fibrinogen and albumin Table 3 shows the mean (SE) values of cardiovascular risk factors for the rs1048990 SNP in the controls. The relatively few individuals with the GG genotype appeared to have higher levels of fibrinogen and CRP, accompanied by lower levels of albumin, compared with those without this genotype. But, these differences were marginally statistically significant (P ¼ 0.03) only for fibrinogen and only in a recessive model. None of the other SNPs were associated with significant differences in mean plasma levels of these biochemical markers (Supplementary Table A3 ). In addition, there were no differences in the proportions of current smokers, or people with hypertension or diabetes mellitus by genotype for any of the SNPs investigated (Supplementary Table A4 ). Considering the estimated haplotypes, slightly raised plasma levels of the inflammatory markers CRP and fibrinogen were observed for carriers of the TGGC haplotype, but these differences were not statistically significant (Supplementary Table A5 ). In addition, no statistically significant differences were observed between the three estimated haplotypes and plasma levels of albumin, apolipoprotein A 1 or apolipoprotein B. Table 4 shows the associations of rs1048990 with MI risk after adjustment for age and sex, when analysed using co- Table A7 ). Figure 1 shows the results of a meta-analysis of the ISIS study and four other studies (three Japanese and one European). The overall pooled ORs for MI were 1.15 (95% CI: 1.08 -1.21) when estimated using a co-dominant model and 1.38 (95% CI: 1.22 -1.57) with a recessive model. There was no evidence of statistical heterogeneity between the results in the different studies for either genetic model (both P40.10).
Association with MI risk
Using the combined OR of 1.38 for a recessive model, we estimated the population attributable risk to be 0.6% in a Western European population (as included in the ISIS study) as compared to 3.5% in the Japanese population. For the co-dominant model, using the combined OR of 1.15, the estimated population attributable risk would be 2.4% in a western population compared to 8.1% in the Japanese population.
Discussion
The ISIS study involving 6946 MI cases and 2720 unrelated controls is the largest genetic association study to date of MI risk in relation to polymorphisms of the PSMA6 gene, and one of the first studies to investigate the associations in a Caucasian population. In the ISIS study, the rs1048990 SNP was associated with an OR for MI of 1.09 (95% CI: 0.98 -1.21) per G allele in a co-dominant model. This result is less extreme than the hypothesis-generating study by Ozaki et al, 5 which reported an OR for MI of 1.21 (95% CI: Caucasian population, respectively (see Figure 1a) . A metaanalysis of the results for the rs1048990 SNP in the ISIS study and the four other studies, involving a total of 11 127 cases and 9109 controls, yielded combined ORs of 1.15 (95% CI: 1.08 -1.22) per G allele in a co-dominant model Table 3 Mean (SE) plasma levels of biochemical markers according to genotypes of rs1048990 in controls using codominant and recessive genetic models in the ISIS study
Marker and genotype ) in a recessive model, with no evidence of statistical heterogeneity between the results of these studies. The ISIS study had 98% power to detect a 39% increase in risk of MI associated with the rs1048990 SNP in a recessive genetic model, but only 78% power to detect a 15% increase in risk using a co-dominant model. 18 These associations are relatively modest, but similar in magnitude to those reported in previous studies involving other inflammatory-related genes. 26 There was a substantial difference in the frequency of the homozygous GG genotype for rs1048990 in the two European and the three Japanese studies (2.1 and 3.0% vs 8.9, 10.7, and 9.8% respectively). The observed genotype frequencies of rs1048990 in these two populations are consistent with those reported by HapMap (http:// www.hapmap.org/Data Release #21a). Despite the large number of cases in the ISIS study, the lower allele frequency results in a greater variability in the effect size and, hence, a proportionately smaller contribution to the meta-analysis (as depicted by a smaller square and wider CI in Figure 1) . Moreover, the low frequency of the GG genotype means that the estimated population attributable risk is only about 1 -2% in this Western European population compared with 3 -8% in the Japanese population (depending on whether a recessive or codominant genetic model is used).
The four other studies appear to be well conducted; controls were recruited from the same population as the cases, and the control genotype frequencies were in HWE. Even though selection of cases and controls of the same nationality and ethnicity does not rule out a false positive result due to population stratification, 27 the researchers in the Ozaki study also used genomic control methods 28 to account for this. The procedures used for recruitment of controls in the ISIS case -control study (involving spouses of siblings and their children) should also have minimised the impact of population admixture between controls and cases. There were departures from HWE for two rare SNPs in the ISIS study, but this was not the case for rs1048990, which was the main SNP of interest. In the Ozaki study, the authors reported that the G allele was associated with 1.7 -1.8 higher expression of PSMA6, which they suggested could have an effect on genes in the NFkB pathway. The Suita study conducted by Takashima et al 24 37, 38 In the ISIS study, CRP and fibrinogen levels were not significantly associated with the number of copies of the G allele for the rs1048990 SNP. In a recessive genetic model, carriers of the GG genotype appeared to have slightly higher levels of fibrinogen and CRP, but the low frequency of this genotype made these differences inconclusive.
Ozaki et al 39 investigated the PSMA6 gene, because they had previously observed that SNPs encoding lymphotoxin a (LTA), a cytokine produced in the early stages of inflammation, was associated with an increased susceptibility to MI in a Japanese population. Binding of LTA to its receptor is known to activate NFkB, which has an effect on the ubiquitin -proteasome system. We have previously reported no significant association of the rs1041981 SNP in LTA gene with MI risk in the ISIS study. 8 The frequency of the minor A allele for rs1041981 is similar for European and Japanese populations from HapMap (0.36 and 0.43, respectively) (http://www.hapmap.org/Data Release #21a). Thus, the lack of association of LTA with MI risk in the ISIS study was unlikely to be due to differences in the frequency of this allele, although it could be that this particular pathway is less important in Caucasians than in Japanese populations.
In conclusion, although the ISIS case -control study failed to identify statistically significant associations with MI for rs1048990 in the PSMA6 gene, the results remain entirely consistent with the findings of the previous studies. The results of a meta-analysis of these studies were homogenous, but further population-based studies (or meta-analyses of such studies) involving very large sample sizes (in excess of 10 000 cases and 10 000 controls) would help to confirm the relevance of this gene for MI risk. Even if this variant is found to be causal, however, the low prevalence of the GG genotype means that the impact on overall MI risk is likely to be small, especially in western populations.
